The coupling of cytosolic glycolytic NADH production with the mitochondrial electron transport chain is crucial for pancreatic β-cell function and energy metabolism. The activity of lactate dehydrogenase in the β-cell is low, thus glycolysis-derived electrons are transported towards the mitochondrial matrix by a NADH shuttle system, which in turn regenerates cytosolic NAD + . Mitochondrial electron transport then produces ATP, the main coupling factor for insulin secretion. Aralar1, a Ca 2+ -sensitive member of the malate-aspartate shuttle expressed in β-cells, has been found to play a significant role in nutrient-stimulated insulin secretion and β-cell function. Increased capacity of Aralar1 enhances the responsiveness of the cell to glucose. Conversely, inhibition of the malate-aspartate shuttle results in impaired glucose metabolism and insulin secretion. Current research investigates potentiating or attenuating activities of various amino acids on insulin secretion, mitochondrial membrane potential and NADH production in Aralar1-overexpressing β-cells. This work may provide evidence for a central role of Aralar1 in the regulation of nutrient metabolism in the β-cells.
Introduction
The significance of redox shuttle mechanisms has been extensively described in brain, smooth muscle and cardiac tissue [1] [2] [3] . However, recent research has revealed their presence and importance to energy metabolism in the pancreatic β-cell, in particular the malate-aspartate and the glycerol 3-phosphate shuttles [2, 4, 5] . Generally, redox shuttles are responsible for maintaining and restoring cytoplasmic NADH/NAD + ratios and cytosolic/mitochondrial redox state. Accordingly, they are crucial for oxidative metabolism and regulation of cell function, e.g. insulin secretion from the pancreatic β-cell, muscle contraction and the synthesis of neurotransmitters in the brain.
Redox shuttle mechanisms
The primary mitochondrial energy substrate for oxidative metabolism is pyruvate derived from glycolysis. For metabolism to continue, the NADH in the cytosol must be reoxidized to NAD + . In an energy-efficient process requiring respiration, redox shuttles regenerate NAD + by transferring reducing equivalents from the cytosol to the mitochondrial matrix, where NADH is regenerated. This NADH then donates electrons to the electron transport chain, resulting in reduction of molecular oxygen and generation of ATP.
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aspartate shuttle is quantitatively the most important shuttle of the brain [1] .
The enzymes for the glycerol 3-phosphate shuttle are also expressed in the brain, but there is controversy about its relative importance [6] . However, this shuttle is particularly active in tissues that rapidly metabolize glucose, such as skeletal muscle.
The malate-aspartate shuttle
One of the first shuttles to be proposed was the malate-aspartate shuttle in which oxaloacetate is reduced to malate in the cytosol and the reverse reaction occurs in the mitochondrial matrix. Both reactions are catalysed by the enzyme malate dehydrogenase, which exists as cytosolic and mitochondrial forms (see Figure 1) . This shuttle appears to be quantitatively the most important for oxidation to cytosolic NADH in almost all vertebrate tissues [7] . The malate-aspartate shuttle has a key regulatory step, which operates at the level of the aspartate-glutamate carriers AGC1 and AGC2. The Ca 2+ -sensitive aspartate-glutamate carrier Aralar1 (AGC1) is primarily expressed in skeletal muscle, brain and pancreatic islets, whereas citrin (AGC2) is found primarily in liver and kidney [8] .
The glycerol 3-phosphate shuttle
In the cytosol, the glycerol 3-phosphate shuttle transfers electrons from NADH to dihydroxyacetone phosphate via G3PDH (glycerol-3-phosphate dehydrogenase) to form glycerol 3-phosphate. Glycerol 3-phosphate is reconverted into dihydroxyacetone phosphate on the outer surface of the inner mitochondrial membrane by G3PDH, while Figure 1 The malate-aspartate shuttle in the pancreatic β-cell Glycolysis-derived electrons are transferred from NADH as oxaloacetate is converted into malate by cytosolic malate dehydrogenase (cMDH). Malate enters the mitochondrial matrix via the malate/α-ketoglutarate (α-oxoglutarate) carrier in exchange for α-ketoglutarate. In the mitochondrial matrix, mitochondrial malate dehydrogenase (mMDH) oxidizes malate to oxaloacetate while transferring electrons to the electron transport chain via NADH. To complete the shuttle-specific reactions, oxaloactetate is subsequently transaminated to aspartate via mitochondrial aspartate aminotransferase (mAAT) using glutamate as the amino donor group and yielding α-ketoglutarate. Aspartate is exported to the cytosol by the aspartate/glutamate carrier in exchange for glutamate and a proton. In the cytosol, aspartate is converted into oxaloacetate by transamination with α-ketoglutarate via cytosolic aspartate aminotransferase (cAAT).
additionally reducing FAD to FADH 2 at the mitochondrial membrane. The electrons are subsequently transferred to coenzyme Q in the electron transport chain. The glycerol 3-phosphate shuttle is activated by Ca 2+ , which decreases the K m of G3PDH [9] .
Further shuttle mechanisms
The pyruvate-citrate shuttle, active in liver and islets, also regenerates NAD + from NADH in the cytosol and contributes to the formation of malonyl-CoA and cytosolic NADPH, important coupling factors in glucose metabolism [10] .
Role of redox shuttles in the pancreatic β-cell
The pancreatic β-cell
The β-cell is one of the four major cell types present in the islets of Langerhans, which are clusters of cells distributed throughout the pancreas in most mammals. Due to their unique ability to synthesize and secrete the hormone insulin in response to glucose and several other nutrient/hormonal stimuli, β-cells are crucial for glucose homoeostasis and energy metabolism [11] . Studies using rodent-derived pancreatic β-cells have determined the presence and revealed the significance of mitochondrial NADH shuttle systems for the coupling of glycolysis with mitochondrial energy metabolism and thus insulin secretion [4, 12] .
Glucose-stimulated insulin secretion in the pancreatic β-cell
The mechanisms underlying glucose-stimulated insulin secretion are well-documented (see Figure 2) . Glucose enters the glycolytic pathway and is converted into the mitochondrial substrate pyruvate. Transfer of electrons from the tricarboxylic acid cycle to the electron transport chain is achieved via NADH and FADH 2 formation. ATP generation and the resulting increase in the cytosolic ATP/ADP ratio promote the closure of the ATP-sensitive potassium channels (K + ATP channels). The physiologically important efflux of K + ceases and the plasma membrane is subsequently depolarized. This leads to Ca 2+ influx through the voltage-sensitive gated calcium channels, resulting in increased cytosolic [Ca 2+ ], triggering exocytosis of the insulin-containing vesicles [13, 14] .
Figure 2 Glucose-stimulated insulin secretion
Glucose is transported across the cell membrane and is phosphorylated by glucokinase (GK) to glucose 6-phosphate (G-6-P), which initiates glycolysis. Pyruvate produced by glycolysis preferentially enters the mitochondria and is metabolized in the tricarboxylic acid (TCA) cycle, which then yields reducing equivalents in the form of NADH and FADH 2 . These reducing equivalents donate electrons to the respiratory chain, leading to hyperpolarization of the mitochondrial membrane ( m − ) and the generation of ATP through the ATP synthase. ATP is transferred to the cytosol, raising the ATP/ADP ratio. This leads to the closure of K + ATP channels, which leads to depolarization of the cell membrane ( c + ). In response, the voltage-sensitive Ca 2+ channels open, increasing the cytosolic Ca 2+ . Cytosolic Ca 2+
is the main trigger for insulin exocytosis. Additional stimulatory signals such as nucleotides and mitochondrially derived metabolites also participate via amplification of the initial Ca 2+ -dependent signal.
Redox shuttle systems in the pancreatic β-cell
Proper transfer of reducing equivalents to the mitochondria plays an important role in nutrient sensing [15] and glucosestimulated insulin secretion [16] . Lowering of the NADH levels in β-cells affects glucose-stimulated insulin secretion [17] . The NADH shuttle system in the β-cells is composed of the glycerol phosphate and the malate-aspartate shuttles [18] . The proton gradient generated by the NADH shuttles directly limits other metabolic steps including pyruvate entry into the mitochondria and the NAD + regeneration required for glycolysis [15] . Generation of mitochondria-derived coupling factors is necessary for the full development of the insulin secretory response to glucose in the β-cell.
Mitochondrial and cytosolic Ca 2+ concentrations also play an important role in glucose sensing and insulin secretory response: hyperpolarization of the mitochondrial membrane permits the rise in mitochondrial Ca 2+ to reach concentrations sufficient for the activation of NADH-generating dehydrogenases [19] , whereas cytosolic Ca 2+ activates the aspartate/glutamate exchanger Aralar1 through its EFhand motifs. Generation of other additive factors derived from glucose metabolism might also be promoted by mitochondrial Ca 2+ elevation.
Impaired glucose metabolism in knockout mice for the glycerol phosphate shuttle together with the use of inhibitors for the malate-aspartate shuttle have shown that the transfer of glycolysis-derived reducing equivalents is necessary for normal mitochondrial activation and insulin secretion [14] .
Low activity of NADH shuttles in β-cells has been found in aging [20] and in Type 2 (non-insulin-dependent) diabetes models [21] . Both low NADH shuttle activity and mitochondrial activation are also the cause of impaired glucose-induced insulin secretion in foetal islets [22] . An upregulation of the malate-aspartate shuttle has been described in some pathological models and models of Type 2 diabetes, suggesting a possible compensatory role of the malateaspartate shuttle for reduction of the NADH shuttle activity.
The significance of Aralar1 for glucose metabolism and insulin secretion Overexpression of Aralar1 in pancreatic β-cells to levels comparable with those in the brain results in potentiation of cell metabolism expressed as insulin secretion, glucose consumption, NADH generation, mitochondrial membrane potential and ATP production in response to glucose stimulation and in response to other stimuli [4] . The regulation of Aralar1 expression in vitro and in vivo is thus of considerable interest and we hope to identify key nutrient and hormonal regulators in the course of our research work.
